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Abstract
In this study we have shown that in humans it is possible to monitor non-invasively and simultaneously both hemispheres
revealing cortical oxygenation changes in the occipital area in response to a contra-lateral hemi-field paradigm. A novel
multi-channel near infrared spectroscopy approach with a high temporal resolution was used. The results confirm previous
findings obtained by functional magnetic resonance imaging and positron emission tomography with the advantage to measure
directly not only concentration changes in deoxyhemoglobin as measured by functional magenetic resonance imaging (MRI), but
also in oxyhemoglobin with low cost instrumentation potentially useful to investigate the pathophysiology of vision. © 2000
Elsevier Science Ltd. All rights reserved.
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1. Introduction
The vascular response to functional cortical activa-
tion has been largely investigated by functional mag-
netic resonance imaging (fMRI) and positron emission
tomography (PET). In the last few years, functional
near infrared spectroscopy (fNIRS) has also become a
widespread tool to non-invasively map the cerebral
hemoglobin (Hb) oxygenation in response to increased
brain activity (for a recent review Villringer & Chance,
1997). However, the motor and frontal cortex have
been the most investigated areas (Chance, Zhuang,
UnAh, Alter, & Lipton, 1993; Gratton et al., 1995;
Hirth et al., 1996; Tamura, Hoshi, & Okada, 1997;
Colier, Quaresima, Oeseburg, & Ferrari, 1999). It is
widely accepted that changes in deoxy-Hb (HHb) are
the physiological basis of fMRI. fNIRS offers the ad-
vantage to measure this parameter directly, continu-
ously and with high temporal resolution. Studies
combining either PET or fMRI with fNIRS demon-
strated that the oxygenation changes measured by
fNIRS correspond to signal intensity increases detected
by fMRI (Kleinschmidt et al., 1996) and PET (Hock et
al., 1997; Villringer et al., 1997). The first fNIRS studies
of the adult visual cortex areas were published in 1993
(Kato, Kamei, Takashima, & Ozaki, 1993; Hoshi &
Tamura, 1993; Villringer, Planck, Hock, Schleinkofer,
& Dirnagl, 1993) and were followed by several others
performed on adults (Wenzel et al., 1996; Gratton,
1997) and infants (Meek et al., 1995, 1998). In these
studies it was demonstrated that fNIRS is able to detect
changes in oxygenation, either in the left or the right
occipital cortex, depending on the different contra-lat-
eral visual stimulation protocols. Most adult subjects
respond with an increase in the oxy-Hb concentration
([O2Hb]) and a decrease in deoxy-Hb concentration
([HHb]) of smaller magnitude than the [O2Hb] change.
Both become statistically significant, with a lag of
* Corresponding author. Tel.: 31-243614222; fax: 31-
243540535.
E-mail address: w.colier@fysio.kun.nl (W.N.J.M. Colier).
0042-6989:00:$ - see front matter © 2000 Elsevier Science Ltd. All rights reserved.
PII: S0042-6989(00)00219-4
W.N.J.M. Colier et al. : Vision Research 41 (2001) 97–10298
about 5 s, after the onset of the visual stimulus. It is
also possible to detect fast optical signals occurring as
early as 50–100 ms from stimulation (Gratton et al.,
1997; Gratton, Fabiani, Goodman-Wood, & Desoto,
1998; Rinne et al., 1999; Gratton, Sarno, Maclin,
Corballis, & Fabiani, 2000). Although the spatial res-
olution of fNIRS is still low, brain activity maps have
been recently published using multi-channel fNIRS
systems under clinical testing (Watanabe et al., 1998;
Hintz, Cheong, van Houten, Stevenson, & Benaron,
1999; Chen, Zhou, Nioka, & Chance, 1999). A 24-
channel instrument was capable to generate two-di-
mensional maps of the right or the left hemi-occipital
area every 0.5 s (Yamamoto et al., 1999). This and all
previous studies, however, reported only the response
in either left or right hemisphere.
The aim of this study was to localize simulta-
neously in both hemispheres the human visual cortex
oxygenation response to selective visual stimuli. For
this purpose a sensitive multi-channel near infrared
(NIR) photometer was used.
2. Methods
2.1. Near infrared spectroscopy
The theory and the clinical applications of NIRS
have been recently reviewed (Delpy & Cope, 1997;
Madsen & Secher, 1999). Briefly, changes in optical
density in the near infrared region at different wave-
lengths are converted into changes in concentration of
O2Hb and HHb. The quantification of NIRS has
been discussed in detail in several papers (Delpy &
Cope, 1997; Heekeren et al., 1999; Madsen & Secher,
1999). In this study the quantification of concentra-
tion changes, expressed in mM, was estimated by in-
cluding the differential pathlength factor (DPF)
(Delpy et al., 1988). This factor takes account of the
light scattering in the tissue. Two units of a pulsed
continuous wave NIR instruments, the OXYMON,
were used for this study. The Department of Physiol-
ogy and the Instrumentation Department of the Uni-
versity of Nijmegen built this instrument. A detailed
description and comparison with two other NIRS in-
struments has been reported (van der Sluijs, Colier,
Houston, & Oeseburg, 1998). The instrument uses
three wavelengths (775, 848 and 901 nm) and the
sampling rate was 10 Hz. The light was transmitted
and collected by 2 m fiber optic bundles (optodes)
with an active diameter of 4 mm.
2.2. Experiment
Six healthy volunteers participated in the study
(two male, four female; age 21–42 years) after giving
their written informed consent. The local Ethics Com-
mittee of the Humboldt University Berlin approved
the experimental protocol. The volunteers, after giving
informed consent, were sitting comfortably on a chair
in a quiet and dark room. Before the start of the
experiment the volunteers were familiarized with the
procedures and the paradigms. Two receiving and the
two transmitting optodes were horizontally positioned
over the right and left occipital regions at the level of
the calcarine sulcus according to 3-D-reconstructed
high resolution MRI (Wenzel et al., 1996). The trans-
mitting optodes were placed 1 cm to left and right of
the midline in order to avoid the sagittal sinus. The
receiving optodes were placed 4.2 cm laterally to the
corresponding transmitting optodes. A special holder
that in turn was firmly attached to the head by an
elastic strap kept all the optodes at a fixed angle and
distance. Theoretical investigations of the photon
paths in a head model indicate that the gray matter is
part of the sampling volume even if the inter-optode
distances is as short as 2 cm (Okada et al., 1997).
Before the beginning of the protocol, the oxygenation
response was checked using a full-field green and
white reversing checkerboard. If no oxygenation re-
sponse could be detected, the optode holder was
moved vertically (less than 1 cm) until a response was
found. This was only necessary in one individual.
2.3. Protocol
The stimulus was a green and white pattern-reversal
left or right hemi-field checkerboard reversing at the
rate of 8 Hz. Each cycle consisted of either a left or a
right hemi-field stimulus lasting 10 s followed by a
20-s rest period. Twelve cycles were randomized to
obtain six left and six right stimuli. A 60-s baseline
period preceded the twelve cycles.
2.4. Data analysis
Data sets for each volunteer were analysed individ-
ually. A concentration baseline value was determined
during the 10-s before the stimulus. Data were ex-
pressed in mM assuming an age-dependent DPF factor
(4.990.067*age0.814) (Duncan et al., 1996). The cal-
culated values were similar to the DPFs recently mea-
sured by second differential spectroscopy on the
human occipital area (Heekeren et al., 1999). The
heart rate signal was smoothed using a 25-point
Savitzky–Golay filter algorithm (Savitzky & Golay,
1964). Left hemisphere oxygenation changes in re-
sponse to either six left or right hemi-field stimuli
were averaged for every individual (folding average).
The same procedure was used for the right hemi-
sphere oxygenation changes.
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2.5. Statistics
Data are presented as means9SD. The average of
the 10 s before the stimulus was considered as baseline.
Due to the non-normal distribution of variables we
used the non-parametric Wilcoxon test for paired mea-
sures (BMDP2V 7.0 Statistical Software Inc., Los An-
geles, CA, USA). PB0.05 was used to define the
significance. The variability (measured as SD) between
the measures before the stimulus, during the stimulus,
within 10 s after the end of the stimulus and between 10
and 20 s after the stimulus was analysed to confirm the
O2Hb and HHb responses to the stimuli.
3. Results
Fig. 1 shows the response of [O2Hb] and [HHb] in
both hemispheres to twelve randomized hemi-field stim-
uli in one subject. Visual stimulation provoked an
increase in [O2Hb] accompanied by a smaller decrease
in [HHb] as previously described (Wenzel et al., 1996).
Fig. 2. Left (upper panels) and right (lower panels) hemisphere
oxygenation changes in response to right and left hemi-field visual
stimuli. Both oxy- and deoxy-hemoglobin concentration changes
([O2Hb] and [HHb] respectively) in mM were time averaged over all
six right and left hemi-field stimuli. Left and right panels refer to the
left and right visual cortex areas, respectively. The horizontal solid
lines indicate significant inceases of [O2Hb] or decreases of [HHb]
(PB0.05). The vertical lines indicate the stimulus duration (10 s).
n6; ball: [O2Hb]; triangle: [HHb].
Fig. 1. Right and left visual cortex oxy- and deoxy-hemoglobin
concentration ([O2Hb] and [HHb] respectively) changes in mM in
response to randomized left and right hemi-field stimuli in a single
volunteer. The stimulus (10 s) was a green and white reversing (8 Hz)
hemi-field checkerboard. The upper panel refers to the left hemi-
sphere, the lower panel to the right hemisphere. Vertical dotted lines
indicate the start of either a left (L) or right (R) hemi-field stimulus.
The period between stimuli was 20 s.
The decrease in [HHb] reported shows the capability of
fNIRS to detect the localized changes: left hemi-field
stimuli induce a decrease in [HHb] in the right visual
area and no decrease in the left visual area and vice
versa. As it is expected, the amplitude of the responses
was smaller than those obtained using the full-field
stimuli. A wide variation in the magnitude of the
decrease in [HHb] either among single stimulations in
the single subject or among subjects was found.
Fig. 2 shows [O2Hb] and [HHb] traces in the left and
right occipital cortex simultaneously in response to six
right and six left hemi-field visual stimuli in the six
volunteers. No significant difference was found between
[HHb] or [O2Hb] baselines within the same hemisphere
before left and right hemi-field stimulation. No differ-
ence was found among baselines of the six subjects
regarding [O2Hb] or [HHb] for both hemispheres. For
[HHb] and [O2Hb] the mean values of the baseline
related to the left hemisphere do not differ from those
found in the right hemisphere. The observed changes in
both hemispheres either after the onset of the ipsi-lat-
eral stimulus or between 20 and 30 s after the onset of
the contra-lateral stimulus can be attributed to the
natural fluctuations of the measures (SDs do not statis-
tically differ from baseline).
Left hemi-field stimuli induce a significant increase in
[O2Hb] in the right visual area 7 s after the beginning of
the stimulus. [O2Hb] reached its maximum value 2 s
after the end of the stimulus and recovered to the
baseline in 8–9 s. Right hemi-field stimuli induce a
significant increase in [O2Hb] in the left visual area 7 s
after the beginning of the stimulus. [O2Hb] reached its
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maximum value 1 s after the end of the stimulus and
recovered to the baseline in 9 s. [HHb] had a very
similar time scale; left and right hemi-field stimuli in-
duce a significant decrease in [HHb] in the contra-lat-
eral visual area 7 s after the beginning of the stimulus.
The decrease in [HHb] had smaller amplitude than
[O2Hb] rise.
4. Discussion
To the best of our knowledge, in this study we are
the first to demonstrate that it is possible to localize
simultaneously in both hemispheres the human visual
cortex oxygenation response to selective visual stimuli
using a highly sensitive multi-channel fNIRS instru-
ment (van der Sluijs et al., 1998). The visual stimulus
was a green and white pattern-reversal left or right
hemi-field checkerboard at a frequency of 8 Hz. This
frequency was chosen in agreement with recent fNIRS
results demonstrating that, at 7.5 Hz, [O2Hb] has its
peak value and [HHb] has its lowest value (Takahashi
et al., 1999). Previous fNIRS studies used also other
different stimuli such as picture observation (Villringer
et al., 1993), moving coloured disks (Meek et al., 1995)
and moving dodecahedron (Obrig et al., 1996). As
previously shown, the typical response of visual cortex
activation in adults is characterized by a rise of [O2Hb]
and a slight decrease of [HHb]. We confirm these
previous findings (Fig. 2). After a latency of about 1 s,
[HHb] and [O2Hb] started to change and became statis-
tically significant 7 s after the onset of the stimulus.
No difference in the time course of [HHb] and
[O2Hb] during stimulation was found. Our results agree
also with a recent fMRI study reporting a latency
period of 1–2 s and an activation-induced signal in-
crease of 4–4.5% at about 6–7 s after stimulus onset
(Kruger, Fransson, Merboldt, & Frahm, 1999). On the
contrary of a recent fNIRS study (Heekeren et al.,
1999) neither a transient decrease of [O2Hb] after the
beginning of the stimulus, or a poststimulus undershoot
were found. The significance of [O2Hb] and [HHb]
changes during the activation has been discussed previ-
ously in detail (Obrig & Villringer, 1997). It is well
accepted that, during increased neural activity, cerebral
metabolic rate of oxygen (CMRO2) is increased and,
concurrently, cerebral blood flow (CBF) and cerebral
blood volume are elevated. Recently, a linear coupling
between CBF and CMRO2, in the activated human
visual cortex, was found: 50% average CBF rise and
25% average CMRO2 rise (Hoge et al., 1999). During
an increase of CMRO2 there is an increase in [HHb]
and a corresponding decrease in [O2Hb]. When regional
CBF increases there is a rise of [O2Hb] and often a
decrease of [HHb] due to the washout. The relative
contribution of these two effects determines whether
[HHb] increases or decreases. A [HHb] increase was
found only in infant studies by fNIRS (Meek et al.,
1995, 1998) and also by fMRI (Martin et al., 1999). The
variability in the magnitude of the responses in each
subject (Fig. 1) is likely to reflect several factors like
attention (Jancke, Mirzazade, & Shah, 1999); whilst the
variability among subjects can be due to: (1) different
thickness of skull with the consequent different penetra-
tion depth of the NIR light; (2) anatomical variations
of the visual area; (3) different size of the activated
area; (4) diverse oxygenation response. Also, the use of
a constant DPF can effect these changes. Although in
this study we did not determine the DPF, we used a
DPF value obtained by time-of-flight methods and
corrected for age to represent the oxygenation changes
in mM in order to facilitate the comparison with previ-
ous studies.
Changes in cytochrome-c-oxidase oxidation with vi-
sual stimulation were recently reported (Heekeren et al.,
1999), but could not be measured in this study per-
formed with a three-wavelength photometer. However,
a recent study performed on rat somatosensory cortex
could not find evidence of cytochrome-c-oxidase oxida-
tion to vibrissa stimulation (Mayhew et al., 1999).
The clinical utility of fNIRS in other area of the
brain cortex has been already demonstrated (see for
example: Sakatani, Xie, Lichty, Sakatani, Xie, Lichty,
Li, & Zuo, 1998; Hock et al., 1997; Hintz et al., 1999;
Chen et al., 1999). In the occipital cortex, fNIRS has
been used as a practical and noninvasive method of
measuring visual functional activation and its hemody-
namic correlates in the awake infant (Meek et al.,
1998). A multi-channel system was used to investigate a
20-month infant who suffered from hydrocephalus to
determine if vision was intact (Maki et al., 1999).
Although fNIRS using a single channel had so far
limited clinical applications, the recent introduction of
multi-channel systems and multi-source-detector dis-
tances could allow a better investigation of the depth of
the optical signal (Gratton, Sarno, Maclin, Corballis, &
Fabiani, 2000). Therefore, these systems might be use-
ful for example to investigate the development of visual
processing in infants and children, and to identify ab-
normal visual cortical function in patients with occipital
lobe lesions (like stroke and epileptic foci) and func-
tional disturbances in the visual pathway, i.e. patients
with multiple sclerosis affected by unilateral optic
neuritis.
5. Conclusion
To summarize, we have shown that the simultaneous
monitoring of left and right occipital areas reveals
contra-lateral hemodynamic changes in response to
hemi-field paradigms using a novel multi-channel NIRS
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approach with a high temporal resolution (10 Hz). Our
results confirm previous findings obtained by fMRI and
PET. fNIRS offers the advantage to measure directly
not only concentration changes of [HHb] as measured
by fMRI, but also of [O2Hb] with easily transportable
and low cost instrumentation potentially useful in de-
velopmental studies and to investigate the
(patho)physiology of vision.
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